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Putative	 selective	 sweeps	 were	 identified,	 several	 of	 which	 colocalize	 with	 stay-
green	 drought	 tolerance	 (Stg)	 loci,	 and	 a	 priori	 candidate	 genes	 for	 photoperiodic	
flowering	and	inflorescence	morphology.	Genome-wide	association	studies	of	photo-
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sensitivity,	 delayed	 senescence,	 and	 inflorescence	 morphology	
(Blum,	2014).	For	 instance,	when	growing	seasons	are	shortened	
by	end-of-season	droughts,	selection	favors	early	maturity	alleles	





The	 patterns	 of	 genome-wide	 nucleotide	 polymorphisms	 pro-
vide	insight	into	selective	forces	varying	over	time	and	space	(Olsen	
et	 al.,	 2006;	 Slatkin,	 2008).	 Recent	 studies	 in	 rice	 (Caicedo	 et	 al.,	
2007;	Li,	Li,	Jia,	Caicedo,	&	Olsen,	2017),	 tomato	 (Lin	et	al.,	2014),	
and	maize	 (Swarts	 et	 al.,	 2017)	 have	 shown	 that	 high	 genetic	 dif-
ferentiation	 among	 populations	 reflects	 adaptation	 to	 specific	 ag-
roclimatic	 zones.	 Population	 genomic	 approaches	 for	 identifying	
signatures	of	selection	include	decreased	pairwise	nucleotide	diver-
sity,	composite	 likelihood	ratio	(CLR)	analysis	for	selective	sweeps,	
and	 genome–environment	 associations	 (GEA)	 (Fang	 et	 al.,	 2017;	
Fournier-Level	et	al.,	2011;	Lasky	et	al.,	2015;	Li	et	al.,	2017;	Lin	et	
al.,	2014).	The	CLR	analysis	in	SweeD	is	relatively	robust	to	demo-
graphic	 events	 because	 the	 method	 conservatively	 estimates	 the	
neutral	site	frequency	spectrum	(SFS)	based	on	the	observed	data	








factors	based	on	multivariate	 linear	 regressions	 (Meirmans,	2015).	
Genome-wide	 association	 studies	 can	provide	high	mapping	 reso-




nome	 size	 (~800	Mbp)	 of	 sorghum	 relative	 to	 other	 grass	 species	
(Paterson	et	al.,	2009)	makes	it	a	tractable	system	for	the	genomic	
studies	 of	 local	 adaptation.	 Five	 botanical	 types	 (bicolor,	 durra,	











sorghum	 varieties	 in	West	 Africa	 are	 photoperiod	 sensitive	 such	
that	 grain	maturation	 coincides	with	 the	 end	 of	 the	 rainy	 season	
(Bhosale	et	al.,	2012;	Sanon	et	al.,	2014).	In	U.S.	sorghum,	variation	
in	 flowering	 time	 is	 controlled	 by	 conserved	 cereal	 floral	 regula-




delayed	 leaf	 senescence)	 postflowering	drought	 tolerance	 in	 lines	

























2  | MATERIAL S AND METHODS
2.1 | Plant materials
The	Senegalese	sorghum	germplasm	(SSG)	used	in	the	present	study	
were	 obtained	 from	 the	 U.S.	 Department	 of	 Agriculture	 (USDA)	
Germplasm	 Resources	 Information	 Network	 (GRIN).	 These	 acces-
sions	 (n	=	341)	were	 collected	 from	various	 agro-ecological	 zones	 of	
Senegal	 in	1976	 (Clément	&	Houdiard,	1977).	Germplasm	Resources	





53-49,	 CE	 260-12-1-1,	 IRAT	 4)	 from	 the	 sorghum	 breeding	 program	





















normalized	 to	10	ng/μl	DNA	 for	 each	 sample.	The	GBS	 library	was	
constructed	using	 the	 restriction	 enzyme	ApeKI	 for	DNA	digestion	





The	 adapter-ligated	 DNA	 fragments	 were	 amplified	 by	 polymer-









end	 sequence	 reads	 obtained	 from	 Illumina	 sequencing	 and	 raw	
sequencing	data	from	the	GDP	were	processed	with	the	TASSEL	5	











aligned	 tags.	 The	 DiscoverySNPCallerPlugin	 was	 used	 to	 identify	



















dow size	of	50	SNPs,	step size	10,	and	VIF threshold	of	0.5	using	the	
function	 indep	 in	PLINK	1.9	 (Purcell	 et	 al.,	 2007).	Default	 settings	
of	ADMIXTURE	were	used,	and	fivefold	cross	validation	(CV)	error	



















4  |     FAYE Et Al.
2.6 | Genome‐wide nucleotide variation and 
genome scans
Minor	 allele	 frequencies	 and	 observed	 and	 expected	 heterozygo-
sity	for	SNP	markers	were	calculated	using	VCFtools	program	and	R	
program	 (R	Core	Team,	2016).	Pairwise	genetic	differentiation	 (FST)	




genome-wide	 nucleotide	 diversity	 (π)	 and	 Tajima's	D	 test	 statistics	
were	calculated	based	on	nonoverlapping	sliding	windows	of	1	Mbp	
across	the	genome	using	VCFtools.	Ratios	of	π	were	analyzed	between	
guinea	 and	 durra	 accessions	 in	 the	 SSG	 (πguinea/πdurra),	 and	 across	








2.7 | Genome‐wide association studies (GWAS)
GWAS	were	carried	out	using	mixed-linear	models	(MLM)	in	GAPIT	
in	R	(Lipka	et	al.,	2012)	with	the	three	first	principal	components	ei-
genvectors	and	kinship	matrix.	The	Bonferroni	correction	at	α = 0.05 
level	was	used	to	define	the	significance	of	association	tests.	SNPs	
were	 filtered	 at	 MAF	>	0.05,	 yielding	 145,235	 SNPs.	 Phenotypic	
data	were	obtained	 from	the	GRIN	database	and	 treated	as	binary	
data	 for	both	photoperiod	sensitivity	 (e.g.,	 sensitive	vs.	 insensitive)	
and	panicle	compactness	(e.g.,	compact	vs.	open	panicle).	For	GEA,	
both	MLM	 and	 general	 linear	 models	 (GLM)	 were	 used.	 Nineteen	







2.8 | A priori candidate genes
A	list	of	a	priori	candidate	genes	for	climate	adaptation	was	defined	from	
known	sorghum	genes,	orthologs	of	cloned	genes	from	rice	and	maize,	
and	 candidates	 from	previous	 sorghum	mapping	 studies	 (see	Data	S2	
for	candidate	genes,	gene	functions,	and	references).	A	literature	survey	
of	sorghum	orthologs	of	maize	and	rice	genes	that	affect	inflorescence	








RDA	 was	 performed	 using	 the	 R	 package	 vegan	 (Oksanen	 et	 al.,	

















(Figure	 S1a),	 and	 ethnic–linguistic	 groups	 (Figure	 S1b).	Across	 421	
accessions,	we	identified	213,916	SNPs	after	filtering	out	SNPs	with	







cleotide	diversity	 (π)	was	0.00054	 in	durra	and	0.00060	 in	guinea	
accessions.	The	 average	pairwise	 LD	 (r2)	 decreased	 from	 its	 initial	
value	(~0.5)	to	0.2	at	220	kb,	150	kb,	and	81	kb	in	durra,	guinea,	and	
whole	 SSG,	 respectively	 (Figure	 S2b).	 LD	 decayed	 to	 background	
level	 (~0.1)	at	880	kb	 in	durra	and	430	kb	 in	guinea.	The	SSG	had	
a	 lesser	proportion	of	 low	frequency	minor	alleles	 (<5%	MAF)	and	
greater	proportion	of	intermediate	frequency	minor	alleles	than	the	
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were	 closely	 related	 to	 the	 durra	 from	 Ethiopia	 and	 other	 West	
African	countries	(Figure	S2d).	Durra	and	guinea	accessions	within	the	
SSG	were	 genetically	 differentiated	 from	each	other.	 The	SSG	also	
clustered	 somewhat	with	 respect	 to	 ethno-linguistic	 groups,	which	
are	nested	within	geographic	origins	of	the	accessions	(Figure	S2e).
3.2 | Model‐based population structure and 
variance partitioning










ture	 rate	≥	0.7)	 found	at	K	=	7	 from	TESS3	 results	was	determined	
using	 the	 FST	 analysis	 (Figure	 2b).	 The	 durra	 accessions	 from	 the	








plained	 by	 climate	 variation,	 ethno-linguistic	 origin,	 and	 space.	
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Climate	and	ethnicity	explained	up	to	6%	and	4%	of	SNP	variance,	




3.3 | Genome‐wide patterns of nucleotide 
polymorphism
To	 identify	 genomic	 regions	 subject	 to	 selection,	 we	 compared	
genome-wide	 nucleotide	 polymorphism	 (π)	 between	 guinea	






regions	 of	 chromosome	 2,	 5,	 7,	 and	 10	 (Figure	 3a).	 For	 durra,	 34	
genomic	 regions	 (1	Mb	 windows)	 were	 identified	 as	 putative	 se-
lected	regions	(top	5%	cutoff	>	1.96).	A	notable	region	of	low	πdurra 
on	chromosome	1	colocalized	with	the	Ma3	photoperiodic	 flower-
















3.4 | Selective sweeps and colocalization of a priori 
candidate genes
Next,	 we	 used	 CLR	 to	 identify	 candidate	 selective	 sweeps	 for	
Sahelian	 adaptation	 in	 durra	 in	 the	 SSG.	 Composite	 likelihood	
ratio	 identified	 47	 candidate	 genomic	 regions	 (top	 5%	 cutoff	 or	
CLR	>	16.9)	 in	durra	 (Figure	4a).	We	 investigated	 if	 a	priori	 candi-
date	genes	(n	=	64)	 implicated	in	stay-green,	flowering	time,	or	 in-
florescence	morphology	 colocalized	with	CLR	outliers.	Given	 that	
the	candidate	genes	were	 identified	a	priori	 from	 the	 literature,	 a	
liberal	 cutoff	 of	 1	Mb	was	 used	 to	 define	 colocalization	 between	
CLR	outlier	regions	and	candidate	genes.	Sixteen	out	of	47	CLR	out-
liers	colocalized	with	candidate	genes	(Data	S3).	The	photoperiodic	
flowering	genes	Ma3,	GI,	CRY1, and ZFL1	 and	 inflorescence	archi-





in	 guinea	 (Figure	 4b).	 Eleven	 out	 of	 28	 CLR	 outliers	 colocalized	
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with	candidate	genes	(Data	S3).	The	photoperiodic	flowering	genes	




3.5 | Genome‐wide association studies of putative 
adaptive traits
To	better	characterize	variation	underlying	putative	adaptive	traits,	










with	 photoperiodic	 flowering	 candidate	 genes	 for	 the	 whole	 SSG	
and	SSG	excluding	durra,	respectively.	For	panicle	compactness,	48	
and	124	significantly	associated	SNPs	were	found	for	the	whole	SSG	













(within	 the	 SP1	 gene)	 was	 significant	 in	 both	 GWAS	 approaches,	





ables	 (Data	S4).	Based	on	 the	GLM,	GEA	 identified	560	SNPs	sig-
nificantly	 associated	 (Bonferroni-adjusted	 p-value	>	0.05)	 with	
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GLM	 identified	 many	 associated	 SNPs.	 Multilocus	 mixed-model	




















at	 S6_691400	 were	 distributed	 in	 the	 northern	 and	 dry	 environ-







Swarts	 et	 al.,	 2017).	 The	 aims	 of	 this	 study	 were	 to	 characterize	
factors	 shaping	 the	genomic	variation	of	Senegalese	sorghum	 lan-
draces,	map	genomic	regions	shaped	by	agroclimatic	adaptation,	and	
identify	genes	that	could	play	a	role	in	local	adaptation.
4.1 | Factors shaping genomic variation of 
sorghum landraces
Population	 structure	 in	 the	 Senegalese	 landraces	 followed	 the	
north–south	 precipitation	 gradient.	 These	 regional-scale	 patterns	




























consistent	 with	 global	 patterns	 of	 genetic	 differentiation	 (Morris	
et	al.,	2013;	Sagnard	et	al.,	2011).	The	relatively	high	proportion	of	
variation	explained	by	climate	collinear	with	space	suggests	a	 role	
of	 clinal	 adaptation	 shaping	 variation,	 similar	 to	 recent	 findings	 in	
Nigerian	and	global	sorghum	germplasm	(Lasky	et	al.,	2015;	Olatoye,	
Hu,	Maina,	&	Morris,	2018).	However,	two	guinea	groups,	from	the	
center	 and	 south,	 clustered	 distinctly	 (Figure	 1b	 and	 Figure	 S2d),	
suggesting	possibly	a	specific	genomic	adaptation	to	the	Soudano–
Sahelian	and	the	Soudanian	agroclimatic,	respectively.










coefficients	 among	 putative	 guinea	 subpopulations	 (File	 S1)	 could	
be	due	to	gene	flow	among	subpopulations	or	an	effect	of	 limited	
isolation-by-distance.	 The	 limited	 isolation-by-distance	 may	 occur	











Orozco-Ramírez,	 Ross-Ibarra,	 Santacruz-Varela,	 &	 Brush,	 2016).	







&	 Joly,	 2008;	 Orozco-Ramírez	 et	 al.,	 2016;	 Pressoir	 &	 Berthaud,	
2004).	 Codiffusion	 of	 sorghum	 with	 human	 migration	 has	 been	
demonstrated	at	Africa-wide	scale	(Westengen	et	al.,	2014)	and	at	
a	regional	scale	 in	Kenya	(Labeyrie,	Thomas,	Muthamia,	&	Leclerc,	










(Figure	 3a)	 could	 be	 resulted	 from	 the	 bottlenecks	 during	 its	 dif-














Photoperiodic	 flowering	 is	 a	 key	 factor	 underlying	 adaptation	
in	 tropical	 crops	 (Kloosterman	 et	 al.,	 2013).	 The	 colocalization	 of	
photoperiodic	 flowering	 candidate	 genes	 with	 putative	 selective	
sweeps	 and	 phenotypic	 and	 environment	 associations	 (Figures	 4	
and	5a;	Table	S1;	Data	S4)	are	consistent	with	a	role	of	conserved	
cereal	flowering	pathways	in	sorghum	climate	adaptation.	The	rare	
allele	at	 the	SNP	near	Ma6/Ghd7	 (6	kb	away)	was	present	 in	durra	
genotypes	distributed	in	the	drier	areas	of	the	Sahelian	zone	charac-
terized	by	short	growing	seasons	and	low	rainfall	(<400	mm	per	year)	
(Figure	6e).	 This	 rare	 allele	may	be	 associated	with	 early	maturity	
and	 thus	suggesting	a	 role	 in	drought	escape	such	 that	plants	can	
rapidly	cover	their	maturity	cycle	and	produce	seeds	before	the	end	
of	growing	season.
Other	 photoperiod	 flowering	 regulators	 identified	 in	U.S.	 sor-
ghum,	PhyC	(Ma5),	PhyB	(Ma3),	PhyA,	and	Ma1	(SbPRR37),	colocalized	
with	phenotype-associated	SNPs	 (Data	S4)	 and	putative	 selective	
sweeps	 in	 the	Senegalese	 sorghum	 (Childs	et	 al.,	 1997;	Rooney	&	
Aydin,	1999).	Signatures	of	selection	near	Ma3	 in	durra	 (πdurra and 
CLR;	 Figure	 3a	 and	 Figure	 4a)	 are	 consistent	 with	 signatures	 of	
positive	selection	in	Ma3	observed	in	global	sorghum	(Wang	et	al.,	
2015).	The	florigens	SbCN12 and SbCN15	(ortholog	of	rice	florigen	




associated	 SNPs,	 were	 previously	 associated	 with	 photoperiodic	




Panicle	compactness	 in	 sorghum	 is	a	 function	of	 the	number	
and	length	of	inflorescence	branches	and	the	number	of	aborted	
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spikelets	 (Brown	 et	 al.,	 2006).	 Several	 candidate	 genes	 from	 a	
previous	 GWAS	 of	 inflorescence	 branch	 length	 in	 global	 sor-
ghum	(Morris	et	al.,	2013)	colocalized	with	GWAS	signals	for	pan-
icle	 compactness	 and/or	 CLR	 outliers	 in	 the	 current	 study	 (SP1,	
CRCK3/THE1,	 TCP24,	 and	 DFL2).	 The	 minor	 alleles	 in/near	 SP1 
(S1_55302939,	 S1_55305415)	 observed	 in	 durra	 accessions	 and	
some	guinea	 accessions	 (Figure	 S7c,d)	 suggests	 a	 rare	 variant	 in	
SP1	 could	 contribute	 to	 shorter	 inflorescence	 branches	 in	 some	
Senegalese	sorghum.
The	 colocalization	 of	 selective	 sweeps	 and	 GEA	 (Data	 S4)	
with	 stay-green	drought	 tolerance	 loci	 (Borrell	 et	 al.,	 2014)	 sug-
gests	a	broader	role	for	stay-green	loci	 in	Sahelian	adaptation.	A	
selective	 sweep	 and	 associated	 SNPs	 colocalized	with	 the	 stay-
green	locus	Stg1/SbPIN4	in	guinea	sorghums,	suggesting	that	this	
region	may	 confer	 adaptation	 of	 some	 guinea	 accessions	 to	 the	
dry	areas	of	Senegal.	The	rare	allele	of	SNP	S3_57321183,	which	
colocalized	 with	 SbPIN2,	 was	 found	 in	 a	 few	 guinea	 sorghums	
(Figure	 S7b).	 One	 possibility	 is	 that	 severe	 droughts	 starting	 in	
the	1970s	(Gautier,	Denis,	&	Locatelli,	2016;	Mbow,	Mertz,	Diouf,	
Rasmussen,	&	Reenberg,	2008)	have	favored	the	introgression	of	
stay-green	drought	 tolerance	alleles	 into	some	guinea	 landraces.	
Genome	 scans	 comparing	older	 landrace	 collections	with	 recent	
collections	may	 shed	more	 light	 on	whether	more	 recent	 selec-
tion	(e.g.	1970s–2000s)	has	occurred,	as	demonstrated	in	Sahelian	
pearl	millet	(Vigouroux	et	al.,	2011).
4.3 | Prospects for genomic dissection and 
improvement of climate adaptation
Improving	adaptation	of	staple	crops	to	the	Sahelian	and	Soudanian	
zones	 is	 critical	 for	 smallholder	 farmers	 and	 a	major	 challenge	 for	
African	 plant	 breeders.	Despite	 advances	 in	 genotyping	 platforms,	
genomic	 tools	 for	crop	adaptation	 in	sub-Saharan	countries	 remain	
lacking.	This	study	generated	substantial	genomic	resources	(213,916	
SNPs	 among	 which	 145,235	 SNPs	 have	MAF	>	0.05)	 representing	
high-quality	markers	 useful	 for	 the	 genomic	dissection	of	 adaptive	
and	complex	traits.	High	rates	of	SNPs	with	low	frequency	minor	al-
leles	 (about	60%	of	 the	data	had	MAF	<	0.05)	were	detected.	One	










The	 moderate	 decay	 of	 LD	 observed	 within	 the	 germplasm	
(Figure	 S2b)	 is	 consistent	with	 the	 predominance	 of	 inbreeding	 in	
sorghum	 (Hamblin	 et	 al.,	 2005).	 Studies	 in	 sorghum	 have	 found	 a	
comparable	LD	pattern,	decaying	to	its	background	level	at	~150	kb	
(Mace	et	al.,	2013;	Morris	et	al.,	2013).	The	population	structure	of	
the	Senegalese	sorghum	 landraces	would	be	expected	 to	 increase	
spurious	association	and	reduce	the	power	of	GWAS	(Brachi,	Morris,	
&	Borevitz,	2011).	Indeed,	the	number	of	associations	for	photope-
riod	 sensitivity	 was	 reduced	when	 applying	 the	 regional	 mapping	
approach	 excluding	 durra	 accessions,	 presumably	 due	 to	 fewer	
spurious	associations.	Future	 studies	with	West	African	multi-par-
ent	 mapping	 populations	 could	 breakup	 confounding	 LD	 and	 im-









conserved	 floral	 regulatory	 pathways	 and	 variation	 in	 other	 path-
ways	that	are	more	poorly	understood.	Whole-genome	resequenc-





provided	 to	 the	Feed	 the	Future	 Innovation	 Lab	 for	Collaborative	
Research	 on	 Sorghum	 and	 Millet	 through	 the	 United	 States	
Agency	for	International	Development	(USAID)	under	Cooperative	
Agreement	 No.	 AID-OAA-A-13-00047.	 The	 contents	 are	 the	 sole	
responsibility	 of	 the	 authors	 and	 do	 not	 necessarily	 reflect	 the	
views	of	USAID	or	 the	United	States	Government.	The	study	was	
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